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Occupancies of the SPH and GT-IIC sequence motifs in the native SV40 late transcription elongation complex were
determined by assessing blockage to restriction enzyme cleavage. Cleavages specific to the transcription elongation complex
were quantified by radioactive extension labeling and polymerase run-off analysis. The SPH motif was assayed by SphI
digestion and found to be unoccupied. In contrast, digestion with PvuII at the GT-IIC site was blocked in 36% of the
complexes, indicating that approximately a third of the complexes are occupied by factor. This fractional occupancy indicates
that there are at least two forms of SV40 late transcription elongation complexes, one form with the GT-IIC site occupied
by a factor and another with the site vacant. q 1996 Academic Press, Inc.
INTRODUCTION these approaches have not been sufficient to identify
which of these many candidates are actually involved in
The past decade has witnessed a rapid expansion
promoter function. As a result, there is still little indication
in our knowledge of mammalian transcription promoter
as to the mechanism by which these components regu-
sequences and the regulatory proteins that bind to them.
late late transcription.This feat has been accomplished by the application of a
One of the several approaches that are available torelatively limited number of approaches. Typically, se-
study the mechanism of action of a transcription factorquences important for expression of the gene of interest
is to measure the occupancy at its site. The way the sitehave been identified by generation of mutations in cloned
is occupied by a transcription factor depends on theplasmids, which are then evaluated by transfection and
mechanism of action of the factor. For example, a factorin vitro transcription. Proteins that bind to these se-
can occupy its site as part of the process of changingquences, termed trans-acting factors, have been identi-
the chromatin structure of the gene to a transcriptionallyfied by biochemical fractionation of extracts followed by
active state, after which the factor dissociates from itsin vitro transcription and band shift assays.
site; this has been termed a ‘‘hit-and-run’’ mechanismThe success of these methods in identifying promoter
of factor action (Schaffner, 1988; Rigaud et al., 1991).components has raised as many questions as it has
Alternatively, a factor can bind to its site to establish aprovided answers for how a promoter works. For exam-
preinitiation complex at the beginning of each cycle ofple, in the case of the promoter region for the SV40 late
transcription, followed by dissociation from its site oncegene, such studies have revealed the presence of a
transcription begins (Tolunay et al., 1984; Kadonaga,highly complex array of overlapping factor binding sites
1990; Reines, 1991; Van Dyke et al., 1989). In contrast to(Dynan and Chervitz, 1989; Sturm et al., 1987; May et al.,
these two dynamic mechanisms of action, a factor may1987; Kim et al., 1987; Kelly and Wildeman, 1991; Keller
remain stably bound to its site throughout multipleand Alwine, 1985; Gruda et al., 1993; Gruda and Alwine,
rounds of transcription, as occurs when a factor commits1991; Gong and Subramanian, 1988; Gallo et al., 1990,
a template to transcription (Van Dyke et al., 1989; Wolffe1988; Fromm and Berg, 1982; Davidson et al., 1988; Ca-
and Brown, 1988). Finally, a factor that represses tran-saz et al., 1991; Brady et al., 1982; Beard and Bruggmann,
scription (see, e.g., Berger et al., 1996) would be expected1989; Ayer and Dynan, 1988). To add to the complexity,
to be absent from its site on the transcribing complex.multiple factors can bind to a single site (e.g., Davidson
Thus insight into the mechanism of action of a factor canet al., 1988; Sturm et al., 1987; Sheridan et al., 1995; Jiang
be derived from information about the site occupancy ofand Eberhardt, 1995; Yasunami et al., 1995; Herr et al.,
the factor at specific steps in the transcription cycle.1988; Rosales et al., 1987). Thus there are numerous
Investigation of the elongation step is of particular inter-candidates for sequences comprising the late promoter
est since control of elongation can be as important asas well as for the proteins that bind to them, but as yet
that of initiation, but as yet little is known about the details
of the roles of transcription factors in each of the steps1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (313) 876-3415. E-mail: llutter@cmb.biosci.wayne.edu. (Spencer and Groudine, 1990; Yankulov et al., 1994).
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We have developed methodologies to quantify the oc- In vitro binding of TEF-1 to DNA and transcription
complexescupancy of a factor binding site in native, in vivo-assem-
bled transcription elongation complexes (Eadara et al.,
The binding reaction contained purified TEF-1 and the
1996; Petryniak and Lutter, 1987; Hadlock et al., 1987;
224-bp NcoI fragment of the 1x72 mutant of SV40. This
Lutter, 1989; Hadlock and Lutter, 1990; Bonilla et al., 1991;
fragment contains a single SphI site as well as the PvuII
Lutter et al., 1992; Eadara and Lutter, 1993). In a prototype
GT-IIC site; it was 3* end-labeled as described above.
study for identifying factor occupancy (Hadlock and Lut-
Bandshift analysis was used to determine the amount of
ter, 1990), it was demonstrated that SV40 T-antigen does
purified GSH-TEF-1 fusion protein (generously provided
not occupy its origin binding site in the SV40 late tran-
by Dr. Alan Wildeman) needed for site saturation. Binding
scription complex (L-VTC). This result provided the first
reactions (20 ml) were performed in 10 mM Tris–HCl, 50
direct evidence against a model proposing the presence
mM NaCl, 0.1 mM EDTA, 1 mg/ml Poly dI-dC, 0.02% NP-
of T-antigen in the L-VTC (Hadlock and Lutter, 1990). The
40, 2.0 mM MgCl2 (pH 7.8) for 60 min at 257. When indi-advantage of this general approach is that it quantifies
cated, 3.3 ml of nuclear extract was then added. Digestion
factor site occupancy in a native chromatin template that
was then performed by addition of 3.3 ml of SphI (3 U/ml
is assembled in vivo, initiated for late transcription in
final concentration) or PvuII (3.3 U/ml final concentration)
vivo, and in a defined stage of transcription: elongation.
in 1xM buffer, followed by incubation at 257 for the indi-
In the present study, we have employed this methodol-
cated times. The samples were then analyzed by radioac-
ogy to quantify the occupancies of the SPH and GT-IIC
tive extension labeling as described above. A 3*-end-
motifs in the SV40 L-VTC. Each of these sites has been
labeled control fragment (the 567-bp NaeI/AvaI fragment
shown to be capable of binding TEF-1 (Xiao et al., 1991;
from plasmid pCLAV) containing polylinker SphI and
Davidson et al., 1988), a transcription factor that has been
PvuII sites was included in the reaction to provide a
implicated in regulation of SV40 late transcription (Dynan
positive control for enzyme activity.
and Chervitz, 1989; Gilinger and Alwine, 1993; May et al.,
1987; Gruda and Alwine, 1991; Casaz et al., 1991; Kelly Quantifying cleavage
and Wildeman, 1991; Gruda et al., 1993). We demonstrate
The lanes in the autoradiograph in Fig. 6A werehere that the GT-IIC site is occupied in the L-VTC to
scanned with a densitometer and the areas under thea level of 36%, while the SPH site is unoccupied. Our
472- and 397-base fragment peaks were determined. Theobservation of fractional occupancy of the GT-IIC site
fraction digested was determined by dividing the areademonstrates that there are multiple forms of L-VTC,
under the 397-base peak by the sum of areas under thewhich in turn suggests that each produces late tran-
472- and 397-base peaks, and this was plotted againstscripts by a different mechanism. The apparent complex-
time of digestion for each time point. The data were fittedity of the late promoter may be a reflection of this hetero-
to a standard logarithmic decay function using SigmaPlotgeneity.
(Jandel Scientific).
MATERIALS AND METHODS RESULTS
Quantifying trans-acting factor site occupancy in theCells and virus
L-VTC by restriction enzyme cleavage and radioactive
labeling of ternary complexesBS-C-1 cells were used for all experiments. These cells
were cultured and infected with SV40 wild-type strain Figure 1A illustrates a map of selected restriction en-
776 as described previously (Petryniak and Lutter, 1987; zyme cleavage sites in the SV40 genome, while a detail
Hadlock et al., 1987). of the regulatory region surrounding the viral replication
origin is shown in Fig. 1B. The method used here for
determining factor site occupancy is a version of foot-Extract preparation, cleavage reaction, and cleavage
printing that uses a restriction enzyme as the nuclease.analysis
Late in infection, only 1–5% of the SV40 minichromo-
somes in a cell are viral transcription complexes (L-VTC)Previously described procedures were employed for
isotonic (Petryniak and Lutter, 1987; Hadlock et al., 1987) (Eadara and Lutter, 1993; Llopis et al., 1981), so footprint
cleavage data on the bulk minichromosome populationand hypotonic (Eadara et al., 1996) nucleic extract prepa-
ration, restriction enzyme digestion in extract and nuclei reveals nothing about cleavages in the L-VTC. In order
to footprint the L-VTC, two methods have been developed(Eadara et al., 1996), radioactive extension labeling (Had-
lock and Lutter, 1988; Eadara and Lutter, 1993; Eadara to detect restriction enzyme cleavage specifically in this
L-VTC fraction: radioactive extension labeling and poly-et al., 1996; Hadlock and Lutter, 1990; Lutter, 1989), poly-
merase run-off analysis (Eadara and Lutter, 1993), and merase run-off analysis. These two procedures and their
application will be described in turn below.isolation of ternary complexes on Bio-Gel A5-M (Eadara
and Lutter, 1993). The radioactive extension labeling method to detect
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FIG. 1. Schematic map of SV40 genome and the open region. (A) Restriction enzyme sites in SV40. The restriction enzyme sites relevant to this
work are shown, as is the major late transcription start site (MLS). The late mRNA, encoding the viral capsid proteins, is transcribed from the right
half of the genome as illustrated, while early mRNA, encoding the viral T-antigen, is transcribed from the left half of the genome in the opposite
direction. (B) A detailed view of the wild-type SV40 origin region. Sequences of SV40 late promoter containing the TEF-1 binding sites at The SPH
and GT-IIC motifs are shown. A number of transcription factors can bind to one or the other of these motifs; TEF-1 can bind to both (see text).
Relevant restriction enzyme sites are also indicated.
cleavages specifically in the VTC has been described 1985) was analyzed here [see also (Eadara et al., 1996)].
The 1172 strain contains only one copy of the 72-bppreviously (Eadara et al., 1996; Choder et al., 1984; Had-
lock and Lutter, 1990). To summarize the method, after sequence, and therefore only a single SphI site in the
genome. The undigested sample (Fig. 2a) shows a strongrestriction enzyme cleavage of nuclei or nuclear extract
from infected cells, ternary complexes are prepared from band at the mobility of the supercoiled ternary complex
(S). However, when the sample is incubated with SphIVTCs and labeled by radioactive run-on extension. The
intact ternary complexes are then separated into linear,
nicked, and supercoiled forms by electrophoresis in an
agarose gel. Ethidium bromide staining reveals the rela-
tive levels of the three forms of bulk minichromosomes,
while autoradiography reveals the relative proportions
in the VTC. The sum of the respective percentages of
supercoiled and nicked forms equals the percentage of
blockage of the site.
The results of an experiment employing this radioac-
tive labeling method in conjunction with restriction en-
FIG. 2. Radioactive extension-labeling analysis of the cleavage of
zyme SphI are shown in Fig. 2. SphI cleaves in the SPH the 72-bp repeat SPH motif using SphI. A sample of isotonic nuclear
motif in the transcriptional enhancer, located in each extract from cells infected with the 1x72 mutant containing a single
SphI site was digested with SphI [15 U per 10 ml extract (1 mg DNA),copy of the 72-bp repeats of the SV40 origin region (Fig.
307, 40 min] and processed by radioactive extension labeling as de-1). In wild-type SV40, there are two 72-bp repeats, and
scribed under Materials and Methods. An autoradiograph of undi-therefore two SphI sites (nt128 and nt200). Since multiple
gested (a) and digested (b) samples is shown. Autoradiographs of the
restriction enzyme sites introduce an ambiguity into the dried gels are shown in these panels, with N, L, and S, indicating
interpretation of the results of the method (see below), the mobilities of nicked, linear, and supercoiled ternary complexes,
respectively.the 1x72 derivative strain of SV40 (Herr and Gluzman,
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FIG. 3. Characterization of factor occupancy in the L-VTC by polymerase run-off analysis of restriction cleavage. Shown in the upper left is an L-
VTC present in nuclear extract. The SphI sites at nt128 and nt200 in the origin region are indicated, as are the early and late sides of the SV40
genome. Also shown is RNA polymerase II (black filled circle) in the process of transcribing late mRNA (i.e., in a clockwise direction). SphI cleavage
at nt128 in the VTC is assayed as follows: following incubation of nuclear extract with SphI, sarkosyl (1.0%) is added to produce a ternary complex
from the VTC, after which in vitro extension is performed with high concentrations of the four ribonucleotides in order to efficiently run off the
transcript at the point of cleavage of the DNA (nt128). The DNA is then removed by DNase I digestion and the RNA transcript is purified. The 3*
end of the transcript, representing the initial cleavage at nt128 in the L-VTC, is then determined by standard S1 nuclease mapping using a DNA
probe that is 3* end-labeled at the AvaII site at nt5119 (Eadara and Lutter, 1993).
(Fig. 2b), all of the complexes migrate as linear com- scribed above. The inclusion of a hybridization step also
plexes (L) meaning that the L-VTC was completely means that the results are strictly late-specific; thus the
cleaved. This in turn indicates that the SPH motif in the minor fraction of complexes transcribing early RNA
single 72-bp repeat of the L-VTC was completely vacant. [10% (Hadlock et al., 1987)] is not scored, unlike the
Complete linearization has also been observed when case for the radioactive labeling method above. Both
wild-type SV40 was analyzed with SphI (Eadara et al., methods are similar up to the point of in vitro extension.
1996). This complete digestion was observed when the However, at this stage, the run-off procedure employs
digestion was performed directly on nuclei as well as an in vitro transcription for extended time in the presence
with hypotonically prepared material, indicating that fac- of all four nonradioactive nucleotides at high concentra-
tors were not lost during preparation (Eadara et al., 1996). tion. This ensures that transcription continues until the
transcript runs off at the cleaved restriction site in the
L-VTC cleavages quantified by polymerase run-off VTC. The RNA run-off transcript is then quantified by S1
analysis nuclease mapping, using a 3* end-labeled probe that
overlaps the restriction sites.The presence of two relatively close SphI sites (nt128
As illustrated in Fig. 4A, this method distinguishesand nt200, see Fig. 1) in the wild-type SV40 raises a
cleavages at the two close SphI sites in wild-type SV40potential ambiguity in interpretation: complete lineariza-
because two different S1 digestion products are gener-tion requires the complete cleavage of only one of the
ated: a 252-base fragment for cleavage at nt128 and asites, which leaves the cleavage, and therefore occu-
324-base fragment for cleavage at nt200. Also shown ispancy, of the other site uncertain. To address this cryptic-
the 397-base fragment that unambiguously identifies aoccupancy ambiguity for multi-site enzymes, a second
cleavage at nt270 by PvuII, a restriction enzyme thatapproach was developed for quantifying L-VTC cleav-
cleaves three times in SV40 (see Fig. 1), as well as theages: polymerase run-off analysis.
418-base fragment expected from a cleavage at the sin-The polymerase run-off method is diagrammed in Fig.
gle-cut enzyme KpnI (nt294).3; a version of this method was used previously to deter-
Figure 4B shows the results of an analysis with thesemine RNA polymerase locations in the SV40 L-VTC (Ead-
enzymes. As predicted, a 252-base protected fragmentara and Lutter, 1993). A significant feature of the proce-
resulted from SphI cleavage at nt128, while 397- anddure is that it can discriminate among cleavages at multi-
418-base fragments resulted from PvuII (nt270) and KpnIple sites in the L-VTC, making it capable of higher
resolution than the radioactive labeling method de- (nt294) cleavage, respectively. Thus the S1 digestion
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FIG. 4. Characterization of the polymerase run-off method and analysis of SphI cleavages in the SPH motif. (A) On the left is a map of selected
restriction enzyme recognition sites in the origin region, while on the right are shown the expected S1 nuclease digestion products from transcription
run-off at the indicated sites. (B) Polymerase run-off analysis of several cleavages in the VTC from isotonic nuclear extract. Shown is an autoradiograph
of a sequencing gel upon which was fractionated the S1 digestion products of nuclear extract samples that were incubated with SphI (a), PvuII (b), and
KpnI (c) and then analyzed by polymerase run-off. Single-stranded DNA fragment sizes are shown at the left. (C) Characterization of the polymerase run-
off reaction. Isotonic nuclear extract was incubated with PvuII, after which SphI calibration RNA was added to the sample. The run-off reaction was then
performed under the following conditions: (a) no nucleotide triphosphates; (b, c) duplicate samples of the complete reaction; (d) in presence ofa-amanitin
(1 mg/ml); (e) in presence of 10 mM EDTA; (f) sample was treated with RNase after extension. The band at 252 bases derives from the SphI calibration
RNA; this was added to permit quantitative comparison of different samples by allowing correction for recovery. (D) Polymerase run-off analysis of samples
digested with MspI and SphI. (a) nuclear extract that was incubated with MspI only; (b) hypotonic nuclear extract that was incubated with MspI and SphI;
(c) isolated ternary complexes that were incubated with MspI and SphI. An autoradiograph of the sequencing gel is shown, while single-stranded DNA
fragment lengths in bases are shown at the left. (E) SphI digestion of a complex of purified TEF-1 protein bound to the SPH motif. The NcoI fragment
(224 bp) containing the single SphI enhancer site was generated from SV40 1x72 DNA and labeled at both 3* ends. A second fragment (567 bp) containing
an SphI polylinker site was isolated from the plasmid pCLAV to serve as a positive control for SphI enzyme activity; it was labeled at one end. These
fragments were incubated in the presence (d, e) or absence (a, b, c) of purified GSH-TEF-1 protein, after which the samples were digested with SphI (3
U/ml final concentration) for 0 (a), 1 (b, d), or 2.5 (c, e) min. Samples were then fractionated by electrophoresis in an 8% polyacrylamide gel; an autoradiograph
of the gel is shown. Fragment lengths in bp are shown at the left. Digestion of the TEF-1 enhancer site in the 224-bp fragment produces the labeled
133- and 91-bp fragments, while digestion of the polylinker site in the 567-bp fragment produces the labeled 31-bp fragment. The 37-bp fragment (BglI–
NcoI, nt0–nt37) is a control fragment that contains no SphI site.
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products predicted in Fig. 4A are in fact observed when again a 252-base fragment (Fig. 4D(b)), demonstrating
that the site at nt128 was quantitatively cleaved in the L-the various restriction enzymes are incubated with nu-
clear extract. VTC. Thus the absence of bands corresponding to frag-
ments of 324 or 472 bases provides an explicit demon-The results in Fig. 4C characterize some of the proper-
ties of the polymerase extension mapping procedure, stration that the site at nt128 in wild-type SV40 L-VTC
was unoccupied, just as was the single site of the 1x72using PvuII-digested extract as an example. The com-
plete extension reaction produced the expected 397- mutant described above. While the quantitative cleavage
at wild-type nt128 coupled with the polarity of late tran-base fragment (Fig. 4C(b and c), which are duplicate
reactions). The 397 base fragment was not observed scription prevent explicit determination of wild-type site
nt200 occupancy, the demonstration that both the wild-when ribonucleotide triphosphates were left out of the
extension reaction (Fig. 4C(a)) or when an excess of type nt128 site and the 1x72 site (which, in terms of
flanking sequences, can be thought as the ‘‘left’’ half ofEDTA was added to the reaction (Fig. 4C(e)), demonstra-
ting that the production of the fragment was dependent a nt128 site and the ‘‘right’’ half of a nt200 site combined
into a single site) are vacant strongly suggests that theon transcription in vitro. Similarly, no band was produced
when a-amanitin was included in the extension reaction wild-type nt200 site is vacant as well.
An assumption in this restriction endonuclease-based(Fig. 4C(d)), demonstrating that the transcription that pro-
duces the run-off product was catalyzed by RNA polymer- footprinting is that the presence of a factor on the binding
site will prevent cleavage. However, as exemplified byase II. Finally, digestion with RNase following extension
abolished both the 397 base run-off band as well as the DNase I and DNase II cleavage of nucleosomes (Lutter,
1978, 1979), nucleases can often digest DNA even when252-base internal standard band (Fig. 4C(f)); this demon-
strates that the protection was due to RNA. it is complexed with protein. To validate that SphI in fact
will be blocked by a factor (TEF-1) known to bind to theWhile the results in Fig. 4C establish the characteris-
tics of the polymerase run-off assay, one further modifica- SPH motif, purified TEF-1 was bound to DNA fragment
containing the SV40 SPH motif and the complex digestedtion is necessary in order to use this approach to provide
quantitative data on specific site blockage. The 252-base with SphI (Fig. 4E). As can be seen from the data in Fig.
4E, a 2.5 min incubation of the bare DNA fragment (c)band generated by SphI digestion in Fig. 4B establishes
the qualitative result that cleavage occurred at nt128 in with SphI resulted in virtually complete cleavage, while
under the same conditions the TEF-bound fragment re-the L-VTC population, but it does not quantify the cleaved
fraction because L-VTC that were not cleaved at nt128 mained uncleaved (e). A second fragment containing a
polylinker SphI site that does not bind TEF-1 was cleavedare not scored. While this uncleaved fraction could poten-
tially be estimated from the amount of full-length probe in both cases, illustrating that the SphI activity was not
inhibited by the TEF-1. While these results do not elimi-protected, this band is subject to quantitation ambiguities
deriving from probe–probe hybridization in the classical nate the possibility that some other factor that does not
happen to block SphI digestion may be bound to the site,S1 mapping technique, so instead this fraction (un-
cleaved at nt128) was estimated by performing a double they provide an explicit demonstration that the presence
of TEF-1 on its binding site does block SphI digestion,digestion with SphI and MspI (Fig. 4D). MspI cleaves L-
VTC quantitatively (see below), so polymerases on those and, combined with the above results, indicate that
TEF-1 is not bound to its site in the 72-bp repeat of theL-VTC that are cleaved at neither nt128 nor nt200 will
run off at the MspI site (nt346) to produce a fragment of SV40 L-VTC.
472 bases. The results of such an experiment are shown
in Fig. 4D. When nuclear extract was incubated with MspI Determination of occupancy of GT-IIC site at nt270
only, the major run-off product was a 472-base fragment
(Fig. 4D(a)). The result in Fig. 4D(c) is from an SphI/ The GT-IIC motif in the SV40 regulatory region contains
a cleavage site for the restriction enzyme PvuII (nt270),MspI digest of isolated ternary complexes. These are
complexes stripped of histones by addition of heparin raising the possibility that occupancy at this site in the
L-VTC can be quantified using the methods describedfollowed by chromatography to remove the histones and
heparin. The resulting isolated ternary complexes con- above. However, PvuII cleaves SV40 at three sites (nt270,
nt1716, nt3506; see Fig. 1), so linearization due to cleav-tain bare DNA that can be digested to completion by
restriction enzymes (Eadara and Lutter, 1993). As ex- age at the site at nt270 cannot be distinguished from
that at nt1716 or nt3506 when analyzed by radioactivepected, the double-digested isolated ternary complexes
produced only a single 252-base fragment, indicating that labeling. To determine if PvuII cleavage may perhaps be
limited to the nt270 alone, digestion was performed withthe SphI site at nt128 was completely digested; this is
the site closest to the approaching L-VTC RNA polymer- both PvuII and MspI (Fig. 5). Incubation with MspI alone
results in cleavage of L-VTC to a virtually quantitativeases, so transcripts would be expected to run off at this
site rather than continue to the downstream sites at nt200 level (Fig. 5A, Isotonic, MspI). Due to the close proximity
of the MspI site (nt346) to the PvuII nt270 site, a L-VTC(SphI) and nt346 (MspI). Finally, when nuclear extract
was digested with SphI and MspI, the only product was singly cleaved at nt270 will exhibit virtually the same
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FIG. 5. Analysis of GT-IIC site occupancy using restriction enzyme PvuII. Samples of isotonic nuclear extract (Isotonic) or isolated ternary
complexes (Heparin-treated) were prepared (A, B, C) and digested with the indicated restriction enzymes as described under Materials and Methods.
The number of units of enzyme per 100 ml (10 mg DNA) was: MspI, 200; SphI, 200; PvuII, as indicated. (A) Radioactive extension labeling of L-
VTC. An autoradiograph of the dried gel is shown. The N, L, and S indicate the mobilities of the nicked, linear, and supercoiled ternary complexes,
respectively, while the C indicates the mobilities of ternary complexes of the complete digestion products. The U designates an undigested sample.
(B) A photograph of the ethidium bromide-stained gel in (A) prior to drying. This reveals cleavages in the bulk SV40 minichromosome DNA. (C)
Polymerase run-off analysis of the samples in (A). An autoradiograph of the sequencing gel is shown, and single-stranded DNA fragment lengths
in bases are shown at the left. (D) Polymerase run-off analysis of MspI/PvuII double digests of isotonic and hypotonic nuclear extracts. Isotonic
nuclear extract (Isotonic), hypotonic nuclear extract (Hypotonic), and isolated ternary complexes (Heparin) were digested with 200 units of MspI
and the indicated units of PvuII in a volume of 100 ml. The adjacent 400 U lanes are duplicate samples.
mobility in the radioactive labeling assay as it would if MspI/PvuII (400 U) double digest produced the 2007-,
1790-, and 1370-bp fragments characteristic of completeit were double-digested with MspI: both will migrate as a
single band corresponding to full-length linear complex. digestion. In contrast, an equivalent level of digestion
of intact minichromosomes in nuclear extract (Fig. 5B,However, a L-VTC singly cleaved at nt1716 and also
cleaved at nt346 would migrate as two separate, smaller Isotonic) yielded only uncut and single-cut fragments,
indicating a substantial blockage of the bulk minichromo-complexes containing 1370- and 3873-bp DNA frag-
ments, respectively. Similarly, cleavage of a L-VTC at somes by histones as expected.
The autoradiograph of the same gel (Fig. 5A, Heparin-nt3506 and nt346 would produce smaller complexes con-
taining 2083- and 3160-bp DNA fragments, respectively, treated) reveals the digestion products of the isolated
ternary complexes. The products were comparable towhile the products of L-VTC with multiple PvuII cleavages
would be even smaller. those of the bulk DNA in the same sample: at a higher
level of PvuII digestion (Fig. 5A, Heparin-treated, PvuII /The results of the PvuII/MspI double digest are shown
in Fig. 5. A control was performed to show the products MspI, 400), high mobility ternary complexes comparable
to the limit digest fragments of the bulk DNA were ob-expected for complete cleavage at the multiple sites.
This control involved digestion of a preparation of iso- served. This control demonstrates that complexes con-
taining the smaller DNA fragments can in fact be visual-lated ternary complexes; these complexes can be com-
pletely digested because they, as well as the accompa- ized.
Figure 5A, Isotonic shows the results of digestion ofnying bulk minichromosomes in the preparation, have
been depleted of histones by heparin treatment followed L-VTC in nuclear extract. As noted above, MspI alone
results in a high level of linearization, indicating that thisby fractionation (see above). The fact that the histones
have in fact been removed is demonstrated by the frag- site is vacant (see below). However, addition of increas-
ing amounts of PvuII produces no further reduction inments produced from the DNA of bulk minichromosomes;
these are visualized in the ethidium bromide-stained gel complex size. This result demonstrates that the sites at
nt1716 and nt3506 are essentially uncleaved throughout(Fig. 5B, Heparin-treated). Here it can be seen that the
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FIG. 6. Time course of MspI/PvuII digestion analyzed by polymerase run-off. Samples of isotonic nuclear extract (Isotonic) and isolated ternary
complexes (Heparin-treated) were incubated for the indicated times with 300 U of PvuII and 200 U of MspI in a 100-ml volume (10 mg DNA), after
which they were subjected to polymerase run-off analysis. Results from radioactive extension labeling (not shown) demonstrated that a 1-min
incubation under these conditions is sufficient to quantitatively linearize the VTC. (A) Autoradiograph of the sequencing gel from the polymerase
run-off analysis. (B) Quantitation of cleavage. The fraction digested was calculated as described under Materials and Methods. The open circles
represent the heparin-treated samples, while the solid circles represent the samples in isotonic extract. A logarithmic function was fitted to each
data set (solid lines); the plateau value for the fit to the isotonic data set was 0.55 cleaved, corresponding to 45% of the L-VTC protected at nt270.
the PvuII digestion course, meaning that any PvuII cleav- As was done with SphI above, the ability of PvuII diges-
tion to detect the presence of TEF-1 on the GT-IIC siteage that occurred was entirely at nt270 (see also Fig.
7B(a–e), for digestion with PvuII alone). at nt270 was directly determined by analysis of a com-
plex of DNA and purified TEF-1. Figure 7A(d) shows thatThe same samples used in Figs. 5A and 5B were ana-
lyzed by the polymerase run-off assay in order to quantify the 224-bp fragment containing the nt270 site was quanti-
tatively cleaved following 5 min of PvuII digestion, butthe extent of cleavage at nt270 (Fig. 5C). In contrast to
the run-off result for the SphI/MspI double digest above the presence of bound TEF-1 completely blocked cleav-
age even after 10 min of digestion (Fig. 7A(i)). The 567-(Fig. 4D), a significant level of 472-base fragment re-
mained following digestion with the higher PvuII levels bp fragment, which contains a polylinker PvuII site but
no TEF-1 site, was completely cleaved in both cases,(Fig. 5C, Isotonic, 300–400); as described above, this
fragment is produced by L-VTC in which cleavage at showing that PvuII is still active in the presence of TEF-
1. These results provide an explicit demonstration thatnt270 was blocked. The relative abundance of this frag-
ment [intensity of 472-base fragment/(intensity of 472- the presence of TEF-1 on the GT-IIC site can be detected
by PvuII digestion.base fragment / intensity of 379-base fragment)] quanti-
fies the fraction of uncleaved nt270 sites, and therefore The purified TEF-1 was further used to determine the
stability of the TEF-1 complex as well as the ability ofthe fraction of L-VTC with an occupied GT-IIC site. This
value at the higher PvuII levels in Fig. 5C, Isotonic, was exogenous TEF-1 to occupy the GT-IIC in the L-VTC (Figs.
7B and 7C). Purified TEF-1 was bound to the 224-bp end-0.36. A similar experiment in which a time course of PvuII
digestion was performed (Fig. 6A, Isotonic) also revealed labeled fragment containing the nt270 site, after which
the complex was mixed with nuclear extract. PvuII wasa fraction of the L-VTC population with the nt270 site
blocked. A plot of the time course data (Fig. 6B) showed then added and samples were removed at various times,
followed by radioactive extension labeling of the L-VTC.a plateau value of 0.45 uncleaved (best fit plateau value,
see Fig. 6B legend). Finally, an analysis of nuclear ex- The results in Fig. 7B(a–e) and 7C(a–e) show that in
the absence of added TEF-1, the rates and extents oftracts prepared isotonically or hypotonically (Fig. 5D)
yielded values of 0.37 and 0.36, respectively, indicating cleavages of both the bare DNA and L-VTC were compa-
rable to those seen in Figs. 5 and 6. However, the addi-that the moderate salt in the isotonic preparation was
not removing factor from the site during preparation (see tion of TEF-1 caused blockage not only of the site at
nt270 in the bare DNA (Fig. 7C(g–j)), as seen before, butabove). In all, the results of from eight samples in four
separate experiments gave an average value of 0.36 { also blocked cleavage of the site in the L-VTC (Fig. 7B(f–
j)). Three conclusions can be drawn from these results.0.06, indicating that 36% of the L-VTC contain an occu-
pied GT-IIC site at nt270. First, the TEF-1/nt270 site complex, once formed, is suffi-
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FIG. 7. Stability of bound TEF-1 protein at GT-IIC site during PvuII digestion. (A) Time course of PvuII digestion of the GT-IIC site in the presence
and absence of bound TEF-1 protein. Binding reactions were performed in the presence (f– i) and absence (a–e) of purified GSH-TEF-1 protein as
described in the legend of Fig. 4E, except SphI was replaced by PvuII in the digestions (3.3 U/ml final concentration). The 224-bp fragment contains
the GT-IIC site and is cleaved by PvuII to fragments of 61 and 163 bp. The 567-bp control fragment contains a polylinker PvuII site and produces
a 169-bp fragment upon PvuII cleavage. Digestion was performed for 0 (a), 1 (b, f), 2.5 (c, g), 5 (d, h), and 10 (e, i) min. Fragment lengths in bp are
listed at the left. (B) Time course of PvuII digestion of nuclear extract in the presence of exogenously added DNA fragment containing bound TEF-
1 protein. Following incubation of the 224-bp fragment with (f– j) or without (a–e) purified GSH-TEF-1 protein as in (A), a sample of nuclear extract
was added to the binding reaction (see Materials and Methods). Samples were then incubated with PvuII (3.3 U/ml final concentration) for 0 (a, f),
1 (b, g), 2.5 (c, h), 5 (d, i), and 10 (e, j) min. Following incubation, half of each sample was analyzed by radioactive extension labeling. An autoradiograph
of the dried agarose gel is shown, depicting cleavage in the VTC. (C) The other half of the sample in (B) was fractionated by electrophoresis in an
8% polyacrylamide gel. Lanes are labeled as in (B). Cleavage at the GT-IIC site in the 224-bp fragment produces fragments of 163 and 61 bp.
ciently stable in nuclear extract to continue to block PvuII ever, it is possible that DAP functions in preinitiation
complex assembly and dissociates when transcriptiondigestion well past the time it takes to completely digest
bare DNA. Second, the site at nt270 can be bound by ensues.
TEF-1, i.e., there are no steric blocks adjacent to the
site that prevent TEF-1 binding. Third, the vacancy in the DISCUSSION
native L-VTC indicates that there is a limiting quantity of
active, binding-competent TEF-1 in the cell, a finding that The SPH motif in the SV40 72-bp repeats (nt128/200)
and the GT-IIC motif (nt270) have each been shown tois consistent with the repressor model for TEF-1 function
in which T-antigen complexes with TEF-1 to prevent it be components of the late promoter and have also been
shown to be important for T-Ag activation of late genefrom binding to its DNA sites (see Discussion). Finally,
while these experiments characterize TEF-1 binding, they transcription (see references above). Although numerous
factors have been identified that can bind to these sitesobviously do not prove that any blockage is necessarily
due to TEF-1. (Davidson et al., 1988; Sturm et al., 1987; Sheridan et al.,
1995; Jiang and Eberhardt, 1995; Yasunami et al., 1995;Finally, one further feature should be noted concerning
the high level of L-VTC cleavage by MspI alone (Fig. 5A, Mermod et al., 1988; Beard and Bruggmann, 1988; Lee
et al., 1987; Huang et al., 1990), results of recent studiesIsotonic, MspI). The lack of occupancy indicated by this
cleavage is consistent with a model that proposes that implicate TEF-1 in late promoter function (Berger et al.,
1996; Gilinger and Alwine, 1993; Kelly and Wildeman,repressors (IBP-s) of late transcription that bind to this
site should be absent from the L-VTC (41). The MspI 1991; Gruda and Alwine, 1991; Casaz et al., 1991; Gruda
et al., 1993).cleavage result does not support another feature of the
model (Wiley et al., 1993), which is that the L-VTC contain Two general classes of models, an activator model
and a repressor model, have been put forth to describethe activating factor DAP (Ayer and Dynan, 1990). How-
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the participation of TEF-1 in the control of late transcrip- been proposed for the general transcription factors
(Reines, 1991; Van Dyke et al., 1989); it is also a featuretion. The activator model proposes that binding of TEF-
1 to the GT-IIC and SPH motifs activates late transcription of models that propose disassembly of the preinitiation
complex with each round of transcription (Tolunay et al.,(Gilinger and Alwine, 1993; Gruda and Alwine, 1991;
Gruda et al., 1993; Casaz et al., 1991), perhaps by making 1984; Kadonaga, 1990). Another possibility is that the
occupancy occurs at an earlier stage, perhaps as partprotein contacts with T-antigen and TBP in the formation
of a transcription initiation complex at the late promoter of the process of establishing the transcriptionally active
form of the template, after which factor occupancy would(Gruda et al., 1993). In this model, T-antigen stimulation
of late transcription derives from its stabilization of the no longer be necessary [a ‘‘hit and run’’ mechanism
(Schaffner, 1988; Rigaud et al., 1991)]. Thus these mod-complex through protein–protein interactions with TBP
and TEF-1. els, proposing a dynamic, transient-binding mechanism
of factor action, could explain how TEF-1 might be aThe repressor model assigns TEF-1 a contrasting role
in regulating late transcription. In this model, binding of transcriptional activator yet not be present on the SPH
motif during the transcription elongation stage is as-TEF-1 to its sites in the late promoter is proposed to
repress late transcription, and T-antigen stimulates late sayed here.
In contrast to the SPH motif, the GT-IIC motif is blockedtranscription by forming a protein–protein complex with
TEF-1 to prevent it from binding to these sites (Johnston in a substantial fraction of the L-VTC, as indicated by the
result that PvuII cleaved the nt270 site in only 64% of theet al., 1996; Berger et al., 1996). Thus these two models
make different predictions about site occupancy in the L-VTC. Control experiments similar to those performed
in the SphI analysis indicate that the cleavage that didlate transcription complex.
The current study characterizes that occupancy. The occur was not due to loss of factor during isolation, while
analysis involving addition of purified TEF-1 to its nt270single SPH site in the 1x72 mutant is quantitatively
cleaved by SphI, as is the analogous site at nt128 in the site demonstrated directly that the presence of TEF-1 on
the GT-IIC site causes blockage of PvuII digestion, bothwild-type SV40. These two results make it likely, but do
not demonstrate explicitly, that the second site at nt200 in bare DNA as well as in the L-VTC. These data indicate
that the GT-IIC site is occupied by factor in 36% of thein the wild type is also quantitatively cleaved. The results
of the experiment employing purified TEF-1 demon- L-VTC. Our study does not explicitly identify the factor
responsible for this blockage; rather, the finding that puri-strates directly that SphI digestion is able to detect the
presence of TEF-1 on its site. While these results do not fied TEF-1 blocks PvuII digestion does establish TEF-1
as a candidate for the occupying factor in the uncleavedrigorously rule out the possibility that some other factor
may be present, they provide explicit demonstration that 36% of the complexes while demonstrating directly that
TEF-1 is not bound in the 64% of the L-VTC that arethe SPH motif is not occupied by TEF-1 in the L-VTC.
The most straightforward interpretation of the absence cleaved.
The fractional occupancy of the GT-IIC site indicatesof TEF-1 from the L-VTC SPH motif is that TEF-1 acts as
a repressor of late transcription, with its removal, per- that there are at least two structural forms of transcription
elongation complex, one with an occupied site and onehaps via interaction with T-antigen, being prerequisite
to synthesis of late transcripts. However, an alternative with a vacant site. This in turn indicates that transcripts
are produced by two different mechanisms (one involvingpossibility does need to be considered, based on the
fact that the L-VTC analyzed here was initiated in vivo bound factor and another in which that site is vacant)
which implies the presence of at least two different pro-and is in the elongation stage of transcription. This as-
signment to the elongation stage derives from the pres- moters. Such multiple promoters are also suggested by
the multitude of transcription start sites, and may explainence of 1% sarkosyl in the extension reaction, which
limits the complexes analyzed to those that have formed the often-conflicting results obtained in analyses of late
transcription control.at least two phosphodiester bonds prior to in vitro run-
on (Luse et al., 1987; Cai and Luse, 1987). Furthermore, As in the case of the SphI analysis above, the simplest
interpretation of the finding that the GT-IIC site is vacantwe have shown previously that the polymerases on these
complexes at isolation are distributed throughout the ge- in 64% of the complexes is that TEF-1 functions as a
repressor in those complexes. The finding that exoge-nome (Eadara and Lutter, 1993), indicative of a popula-
tion of complexes that are well into the elongation stage. nous TEF-1 is able to occupy the L-VTC GT-IIC site further
supports the aspect of the repressor model in whichAs a result, the structural characteristics described in
the current study are those of a transcription elongation T-antigen complexes with TEF-1 to prevent its binding,
thereby generating T-antigen activation of late transcrip-complex. Thus an alternative possibility is that TEF-1
could act as a transcription activator which binds at some tion through release of TEF-1 repression.
While it is possible that the 36% with an occupied GT-other stage of the transcription cycle, such as transcrip-
tion initiation, with the site being vacated, perhaps oblig- IIC site may then represent a form of complex in which
TEF-1 exhibits an opposite, activator (Gruda et al., 1993;atorily, upon entering the elongation stage. Such cycling
of factor occupancy during the transcription cycle has Casaz et al., 1991) function, perhaps due to interactions
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from simian virus 40 promoters by proteins from viral minichromo-with a different set of accompanying factors on those
somes. Curr. Top. Microbiol. Immunol. 144, 47–54.complexes, an alternative possibility is that a repressing
Berger, L. C., Smith, D. B., Davidson, I., Hwang, J. J., Fanning, E., and
TEF-1 has been removed (Berger et al., 1996) to allow a Wildeman, A. G. (1996). Interaction between T antigen and TEA do-
different, activating factor to bind to the GT-IIC motif. main of the factor TEF-1 derepresses simian virus 40 late promoter
in vitro: identification of T-antigen domains important for transcriptionThis factor may well remain on the transcription complex
control. J. Virol. 70, 1203–1212.throughout the transcription cycle, similar to the situation
Bogenhagen, D. F., Wormington, W. M., and Brown, D. D. (1982). Stablefor other types of transcription complex [e.g., (Bogenha-
transcription complexes of Xenopus 5S RNA genes: A means to
gen et al., 1982; Van Dyke et al., 1989)]. As pointed out maintain the differentiated state. Cell 28, 413–421.
above, numerous factors have been identified that can Bonilla, P. J., Freytag, S. O., and Lutter, L. C. (1991). Enhancer-activated
plasmid transcription complexes contain constrained supercoiling.bind to the GT-IIC motif. Further characterization of the
Nucleic Acids Res. 19, 3965–3971.uncleaved fraction of complexes will be needed to clarify
Brady, J., Radonovich, M., Vodkin, M., Natarajan, V., Thoren, M., Das,this issue.
G., Janik, J., and Salzman, N. P. (1982). Site-specific base substitution
Other factors, bound at sites different from the SPH and deletion mutations that enhance or suppress transcription of the
and GT-IIC motifs, may also be involved in the transcrip- SV40 major late RNA. Cell 31, 625–633.
Cai, H., and Luse, D. S. (1987). Transcription initiation by RNA polymer-tional activation of those 64% of the complexes with unoc-
ase II in vitro. Properties of preinitiation, initiation, and elongationcupied sites observed here. For example, the 21-bp re-
complexes. J. Biol. Chem. 262, 298–304.peats contribute to late promoter function (see refer-
Casaz, P., Sundseth, R., and Hansen, U. (1991). trans activation of the
ences above) and have been found to occur in numerous simian virus 40 late promoter by large T antigen requires binding
promoters other than the SV40 late promoter, and such sites for the cellular transcription factor TEF-1. J. Virol. 65, 6535–
6543.alternative sites may account for a TEF-1-independent
Casaz, P., Rice, P. W., Cole, C. N., and Hansen, U. (1995). A TEF-1-activation (Casaz et al., 1995). These 21-bp repeats bind
independent mechanism for activation of the simian virus 40 (SV40)the factors Sp1 (Dynan and Tjian, 1983) and LSF (Kim et
late promoter by mutant SV40 large T antigens. J. Virol. 69, 3501–
al., 1987). The methodology employed here could be 3509.
used to detect the presence of these factors on their Choder, M., Bratosin, S., and Aloni, Y. (1984). A direct analysis of tran-
respective sites. Such studies on native complexes in scribed minichromosomes: All transcribed SV40 minichromosomes
have a nuclease-hypersensitive region within a nucleosome-free do-turn should yield further insight into the mechanism of
main. EMBO J. 3, 2929–2936.action of a factor by providing a means of classification
Davidson, I., Xiao, J. H., Rosales, R., Staub, A., and Chambon, P. (1988).based on the type of complex structure in which the
The HeLa cell protein TEF-1 binds specifically and cooperatively to
factor participates. two SV40 enhancer motifs of unrelated sequence. Cell 54, 931–942.
In summary, we have developed a restriction enzyme- Dynan, W. S., and Chervitz, S. A. (1989). Characterization of a minimal
simian virus 40 late promoter: Enhancer elements in the 72-base-based footprinting method for quantitatively assessing
pair repeat not required. J. Virol. 63, 1420–1427.the occupancy of sites for transcription factors in a native
Dynan, W. S., and Tjian, R. (1983). The promoter-specific transcriptiontranscription elongation complex. The results of this
factor Sp1 binds to upstream sequences in the SV40 early promoter.
methodology complement parallel studies of transcrip- Cell 35, 79–87.
tion factor function by providing information about the Eadara, J. K., Hadlock, K. G., and Lutter, L. C. (1996). Chromatin structure
and factor site occupancies in an in vivo-assembled transcriptionpresence of such factors in a transcription-stage-specific
elongation complex. Submitted for publication.chromatin complex that was assembled and initiated by
Eadara, J. K., and Lutter, L. C. (1993). RNA polymerase locations in thethe in vivo processes. Such benchmark characteristics
simian virus 40 transcription complex. J. Biol. Chem. 268, 22020–
have and should continue to provide important criteria for 22027.
evaluation of transcription factor mechanisms of action. Fromm, M., and Berg, P. (1982). Deletion mapping of DNA regions
required for SV40 early region promoter function in vivo. J. Mol. Appl.
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